We present the synthesis of ultrananocrystalline diamond (UNCD) films by application of hot filament chemical vapor deposition (HFCVD). We furthermore studied the different morphological, structural, and electrical properties. The grown films are fine grained with grain sizes between 4 and 7 nm. The UNCD films exhibit different electrical conductivities, dependent on grain boundary structure. We present different contact metallizations exhibiting ohmic contact behavior and good adhesion to the UNCD surface. The temperature dependence of the electrical conductivity is presented between −200 and 900 ∘ C. We furthermore present spectroscopic investigations of the films, supporting that the origin of the conductivity is the structure and volume of the grain boundary.
Introduction
Electronic and microelectromechanic sensor devices built from diamond have already been demonstrated [1] [2] [3] [4] . However, one of the main obstacles to make use of diamond as a material for electronic applications is the difficulty of doping diamond [5] . Diamond can be p-doped by boron, even though the acceptor level of boron is 0.37 eV over the valence band [6] and is therefore not activated at room temperature. By increasing the doping level, the activation energy decreases, so that p-doped diamond can be thermally activated at room temperature [7] . In contrast to that, no shallow donors were found for diamond [5] .
An interesting, novel kind of n-type conductivity, present at room temperature, which could fill this gap, was found in ultrananocrystalline diamond films [8] [9] [10] . The addition of nitrogen (which has activation energy of 1.7 eV, if incorporated substitutionally [5] ) can lead in ultrananocrystalline diamond films to a high electrical conductivity at room temperature [8] [9] [10] . In [11] it was shown that the incorporation of nitrogen in grain boundaries leads to additional localized states within the band gap. Birrell et al. [12] have produced similar films by plasma CVD and conclude that the addition of nitrogen does lead to an increased width of a sp 2 -carbon grain boundary phase. In contrast to our findings [10] , they reach an increasing conductivity for an increased addition of nitrogen [12] . Investigations of Ikeda et al. [13] , who also used plasma CVD for deposition of UNCD films with nitrogen addition, show that the increase of ordering and amount of a sp 2 -carbon grain boundary phase is more responsible for an increasing conduction than the concentration of incorporated nitrogen.
In contrast to most of the published work on conductive UNCD films, where the films are mostly grown by plasma CVD, we present the growth of UNCD films by hot filament chemical vapor deposition (HFCVD).
We show that, by increase of substrate temperature, a strong change in morphology and an increase of electrical conductivity of the films take place.
Experiments
The UNCD films were grown by using the hot filament chemical vapor deposition (HFCVD) technique.
This highly flexible and scalable technique allows growing diamond films on different substrates like silicon, quartz, and carbide forming metals. Also coating of structured and three dimensional substrates is possible [1] . Before growth, the substrates were pretreated by ultrasonication in a nanodiamond solution. By this treatment, small seed crystals are deposited on the substrate with a density in the order of 10 11 cm −2 [2] . This procedure, in contrast to bias enhanced nucleation, opens the possibility to grow diamond on some nonconductive substrates [2] .
We used tungsten filaments that were electrically heated up to about 2000 ∘ C. The used gas, maintained during growth, was a methane/hydrogen mixture (5% CH 4 /H 2 ). Additionally we introduced different amounts of ammonia (between 0.35% and 3.5% NH 3 /H 2 ). We investigate the influence of extra gas addition (ammonia) on the electrical conductivity of the grown films. The influence of ammonia addition on the morphology was already shown in [10] .
Conductive UNCD films were grown on 3 inches, ⟨100⟩ silicon wafer with a 300 nm silicon oxide layer deposited by PECVD for an electrical insulation between the substrate and the conductive film. Due to the high seeding density, a closed film is achieved after a few minutes and the silicon oxide is exposed to atomic hydrogen for only short time. Figure 1 shows microstructures of different UNCD films grown with different substrate temperatures. The substrate temperature can be influenced indirectly by different filament currents and by the distance of substrate to filament or directly by using a sample holder at a cooling and heating system. Different substrate temperatures are leading to completely different microstructures. Figure 1 (a) presents a very ∘ C substrate temperature the diamond microstructure changes completely to another structure, which is shown in Figure 1 
The surface roughness measured by atomic force microscopy (AFM) for all grown films is about 10 nm (RMS). A representative measurement is shown in Figure 2 .
X-ray diffraction (XRD) measurements were performed, proofing that the film consists of crystalline diamond grains. In Figure 3 , a typical measurement for an UNCD film is presented. The measurement was done using a standard BraggBrentano geometry and a Cu K X-ray source. The three diamond peaks at 2 = 43.9 ∘ (111), 75.2 ∘ (220), and 91.4 ∘ (311) are clearly detectable. The ⟨100⟩ orientated silicon substrate leads to a peak at 69 ∘ and additionally some small peaks on the left side of the silicon (400) peak are detected, caused by the not perfectly monochromatic X-ray source.
The average grain size is in the range of 4 to 6 nm, as measured by XRD. The full width at half maximum of the (111) peak was fitted and the grain size was determined by applying Scherrer's equation.
To further analyze the grown films, texture measurements were done. In order to obtain pole figures for the (111) peak, the and 2 angles were kept constant at = 21.95 ∘ and 2 = 43.9
∘ . Then the sample was rotated around its surface normal and, for each rotation angle , the intensities were measured. Furthermore, the sample was tilted against the beam and detector plane and for each tilt angle the diffraction intensities are recorded. The measured pole figure of the (111) peak is presented in Figure 4 . Peaks at a tilt angle of = 35
∘ would indicate a (110) fiber texture; a sharp peak at tilt angle = 0 ∘ would indicate a (111) texture. This measurement shows that the grains in our UNCD films (which were grown thinner than 2 m only) have no significant preferred orientations.
Electrical Characterization.
The specific resistivity of different UNCD microstructures was measured by using the Van-der-Pauw method. Therefore, clearly defined rectangular geometries were etched out of the diamond film. Furthermore, ohmic metal contacts (Ti adhesion layer and Au) were deposited by using sputtering. The specific resistivity reaches values from 1 × 10 3 Ωcm up to 5 × 10 −3 Ωcm on highly conductive samples. To verify activation energies, temperature dependent measurements were done. In the first experiment, the specific conductivity was measured at low temperatures, as demonstrated in Figure 5 . The sample with a conductivity of about 5 S/cm at room temperature was cooled down to −200 ∘ C under vacuum conditions, while the conductivity was measured.
In the second experiment, which is shown in the Arrhenius plot in Figure 6 , a sample was heated up to 900 ∘ C. This is also done under high vacuum conditions, to avoid oxidation of the diamond at temperature above 500 ∘ C, while again the conductivity was measured.
Over the whole temperature range, from −200 ∘ C to 900 ∘ C, the specific conductivity increases, like in negative temperature coefficient thermistors. At low temperatures no freeze-out can be detected. In [8] similar measurements show even at 4.2 K no freeze-out, which is in contrast to conventional semiconductor definition. The slopes in the Arrhenius plot in Figure 5 indicate very low activations energies in the range of single meV, assuming constant mobility. The nonlinearity in comparison with a non-freeze-out process indicates electronic states caused by the bonds of carbon in the grain boundary, which lead to the conductivity in the diamond films. That is also assumed in several other publications [8, 11, 14] . The high temperature measurement, shown in Figure 6 , demonstrates an amazing potential over conventional semiconductors. In the temperature range from RT up to about 400 ∘ C the change in conductivity is lower and follows the trend of the first measurement. Above 400 ∘ C the conductivity increases faster. Under the same assumption, of constant mobility, the corresponding activation energies are about 50 meV-150 meV. It indicates electronic states which are activated with increasing temperature but cannot be directly associated with an activation of further donors.
Metallization.
To investigate electrical contacts on the UNCD surface, transmission-line-method (TLM) measurements were used. This commonly used technique [15] allows a quantitative characterization of different contact materials by the contact resistance . Another good measure for the quality of the metal contact is the transfer length (which is the length under the metal contact, where the current in the film is reduced by 1/ , due to the currents into the metal contact). Since the contact resistance is not independent of the sheet resistance , we present also the ratio of contact resistance and sheet resistance.
For its noble character and low specific resistivity, gold is often the choice for metallization of electronic elements. On the other hand, in order to achieve good adhesion and ohmic contact behavior, it is beneficial to have a carbide forming adhesion promoter between the diamond surface and gold.
Different contact metals were tested: molybdenum, titanium, tantalum, and a titanium tungsten alloy (Ti 0.8 W 0.2 ). A summary of TLM measurement results is shown in Table 1 . All carbide forming metals showed ohmic behavior in the voltage range of ±40 V. Titanium and tantalum have shown significantly better electrical properties than molybdenum and the Ti 0.8 W 0.2 alloy. In [16] different types of carbides are mentioned, with their different electronegativity and atom radius. The interstitial carbide, one special type of carbide with particularly good electrical properties, can only be found for titanium and tantalum.
Resulting from this, titanium and tantalum are suitable materials as ohmic contact material on UNCD, which was also shown for other kinds of conductive diamonds, as shown, for example, in [17, 18] . To improve the temperature stability of the metal contact it is necessary to reduce diffusion of the titanium in gold. That can be done by a diffusion barrier between gold and titanium. Platinum is an appropriate candidate, which was also generally shown in [19] . This also leads to ohmic behavior and to a temperature stability of up to the melting point of gold.
Spectroscopic Investigations

Optical Properties.
Three thick UNCD films (20 m thick) were grown with different NH 3 concentration in the feed gas, to achieve three different conductivities.
By etching the Si substrate in KOH, free standing UNCD films were obtained. They were measured by Fourier transformation infrared spectroscopy (FTIR). Assuming that Lambert-Beer's law can be applied, the absorption coefficient was calculated. The spectra are shown in Figure 7 .
Sample A has a conductivity of 3.7 S/cm at room temperature, sample B has a conductivity of 1.1 S/cm, and sample C has a conductivity of 0.16 mS/cm, as measured by simple fourpoint measurements [20] . It can clearly be seen that, for the sample A, with the highest conductivity, nearly no transmission is found in the measured range.
The coordination of carbon atoms in grain boundaries is generally reduced [21] . Therefore sp 2 and sp 3 bonds coexist in the grain boundaries of diamond, together with impurity atoms (e.g., nitrogen). This distorted sp 3 bonds and the coexisting sp 2 bonds in the grain boundaries lead to band tailing and the appearance of * states (origin from distorted sp 3 bonds and dangling bonds) [14] as well as and * bands (origin from sp 2 bonded carbons) [11, 14] , which are responsible for the absorption at these low energies [14, 22, 23] .
We see that the absorption edge shifts to lower wave numbers (higher wave lengths) for a higher conductivity of the film. It can be concluded that the and * bands are broader for samples with higher conductivity [14] .
Raman Spectroscopy.
Raman spectra were measured for three films that were grown with different ammonia addition. The excitation wavelength was 543 nm. The spectra can be seen in Figure 8 . A linear background was subtracted from all spectra. We can see the D-band at 1360 cm −1 and the Gband at 1560 cm −1 . The diamond peak at 1333 cm −1 cannot be seen due to its smaller Raman cross section [24, 25] . Therefore only the chemical constitution and structure of the grain boundaries are reflected by measurements.
The D-and G-band peaks were fitted using Lorentzian functions, revealing the intensities and full width at half maximum (FWHM) of each.
The electrical conductivities of these films were also determined by four-point measurements and these results are given in Table 2 together with the results of the Raman measurements.
Following argumentation in [25] [26] [27] , the increasing FWHM of the G-band and the decreasing ratio of D-band intensity to G-band intensity (D)/ (G) indicates an increase of structural disorder of the sp 2 bonded carbon. Therefore, we conclude that, for higher amount of NH 3 addition to the feed gas, the disorder of the grain boundaries increases, leading to a reduction of conductivity. This relation between disorder of grain boundary and conductivity is in agreement with investigations on plasma CVD grown nitrogen doped UNCD films [13, 28] .
Summary
We presented ultrananocrystalline diamond thin films with tuneable electrical n-type conductivity from practically isolating (1 × 10 −3 S/cm) to 200 S/cm. This conductivity is present and only varies slightly over a large temperature range (−200 ∘ C until 900 ∘ C was measured). A system for electrical contact metallization is shown, which is of importance for general characterization and application of the films in electrical or electromechanic devices. Our electrical measurements confirm that the conductivity is of n-type [10] and together with the spectroscopic measurements we conclude that the conductivity is due to the structure and volume of the grain boundary.
